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ABSTRACT

Induced pluripotent stem cells (iPSCs) have shown promise in investigating donor-
specific phenotypes and pathologies. iPSC-derived cardiomyocytes (iPSC-CMs) could
potentially be utilized in personalized cardiotoxicity studies, assessing individual
proarrhythmic risk. However, it is unclear how closely iPSC-CMs derived from healthy
subjects can recapitulate a range of responses to drugs. It is well known that QT-prolonging
drugs induce subject-specific clinical response and that all healthy subjects do not necessarily
develop arrhythmias or exhibit similar amounts of QT prolongation. We previously reported

this variability in a study of four hERG potassium channel blocking drugs where each subject
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underwent intensive pharmacokinetic and pharmacodynamic sampling such that subjects had
15 time-matched plasma drug concentration and ECG measurements throughout 24 hours
after dosing in a phase 1 clinical research unit. In this study, iPSC-CMs were generated from
those subjects. Their drug-concentration-dependent QT prolongation response from the clinic
was compared to in vitro drug-concentration-dependent APD prolongation response to the
same two hERG blocking drugs, dofetilide and moxifloxacin. Comparative results showed no
significant correlation between the subject-specific APD-response slopes and clinical QT-
response slopes to either moxifloxacin (p = 0.75) or dofetilide (p = 0.69). Similarly, no
significant correlation was found between baseline QT and baseline APD measurements (p =
0.93). This result advances our current understanding of subject-specific iPSC-CMs and
facilitates discussion into factors obscuring correlation and considerations for future studies

of subject-specific phenotypes in iPSC-CMs.

INTRODUCTION

Direct reprogramming of somatic cells to a state of pluripotency was a landmark
development that allowed stem cells to be used in a multitude of fields including toxicology,
tissue engineering and regenerative medicine, among many other applications.' Since this
discovery, chemically-defined differentiation protocols have improved the efficiency and
purity of human induced pluripotent stem cell-derived cardiomyocyte (iPSC-CM) generation,
extending their utility in pharmacological and translational applications.>” iPSC-CM-based
assays have been studied for the prediction of drug-induced Torsade de Pointes ventricular
cardiac arrhythmias under Comprehensive In Vitro Proarrhythmia Assay (CiPA) initiative. 6-
10 Commercially-available cell lines that are being tested within CiPA generally originate

from a few healthy donors and are being evaluated for a prediction of proarrhythmic potential
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of drugs in a general population. However, iPSC-CMs generated from somatic cells retain
genomic information of original donor. This trait establishes them as potentially useful in
precision medicine practices.“’ 12 Although these potential precision medicine applications
have been shown to be effective when evaluating disease states and treatments,'' their

capacity to recapitulate variation within a healthy population is less frequently addressed.

METHODS

Clinical study design and personalized concentration-QTc response

This study (clinicaltrials.gov, NCT02308748) was approved by the FDA Research
Involving Human Subjects Committee and the local institutional review board. All subjects
gave written informed consent and the study was performed at a phase 1 clinic (Spaulding
Clinical, West Bend, WI). Healthy subjects between 18 and 35 years of age, weighing
between 50 and 85 kg, and without any family history of cardiovascular disease or
unexplained sudden cardiac death were eligible for participation in the study. In addition, the
subjects had to have less than 12 ventricular ectopic beats during a three-hour continuous
recording, as well as a baseline QTc of less than 430 ms, using Fridericia correction. ' 22
healthy subjects were enrolled into a five-period, randomized, cross-over trial studying drug-
induced multi-current channel block. Each treatment period was separated by one week, and
during each period subjects were dosed 3 times a day with either placebo, a selective hERG
channel blocker (moxifloxacin or dofetilide), a late sodium current blocker (mexiletine or
lidocaine), or a calcium channel blocker (diltiazem), administered either alone or in
combinations thereof. This current study focuses solely on the selective hERG channel
blockers, of which 20 subjects received doses of dofetilide or moxifloxacin administered

alone.
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Personalized QT response to drug was defined as the slope of an individual subject’s
placebo-controlled concentration-dependent QT prolongation from baseline, corrected for
heart rate using the Fridericia correction.'® These slopes were calculated using mixed linear
effect modeling by inputting subject specific AAQTc (time of day-matched placebo and pre-
dose baseline corrected QTc change) and plasma drug concentrations into PROC MIXED in
SAS 9.3 (SAS Institute Inc., Cary, NC), with the concentration as a fixed effect and the

subject as a random effect.

Cell reprogramming and differentiation into cardiomyocytes

For the 20 subjects dosed with dofetilide and moxifloxacin administered alone, cell
reprogramming and differentiation into iPSC-CMs using their peripheral blood mononuclear
cells (PBMCs) was done at Stem Cell Theranostics (Redwood City, CA). Commercially
available Sendai virus (SeV) vectors encoding for Oct4, Sox2, Kif4, and c-Myc (Life
Technologies, Invitrogen) were transfected into PBMCs for iPSC reprogramming. "
Recombinant SeV vectors replicate only in the cytoplasm without integrating into the host
genome.16 CD717 cells were obtained from PBMCs, in the presence of FLT-3, IL-6, SCF,
and TPO per ThermoFisher Scientific guidelines for PBMC reprogramming using the
CytoTune-iPS Sendai reprogramming kit. All somatic cell samples were tested and cleared
for the presence of mycoplasma. Cells were transitioned to the Essential 6 medium containing
bFGF on day 7 and to the Essential 8 media on days 18-25. A minimum of six colonies were
picked from each line and one colony per well was cultured on Matrigel-coated plates in the
presence of the Essential 8 medium. The reprogramming efficiency ranged between 0.05-
0.1%. Based on cell morphology and growth kinetics, one clone was further expanded from
each parental sample. Pluripotency characterization was carried out by immunostaining
(SSEA4 and Tra-1-60 were extracellular markers, whereas nanog and Oct-4 were

intracellular markers) prior to expansion and cryopreservation of all iPSC lines. iPSC lines
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were successfully derived for 17 out of 20 subjects. Identical reprogramming and
differentiation methods generated iPSC-CMs for 16 out of 17 subjects as well as for one
donor with congenital long QT syndrome (subject SCVI22, female, Caucasian, 46 years old,
disease: LQT1, KCNQI G269S); LQTS iPSC-CMs were obtained from the Board of
Trustees of the Leland Stanford Junior University biobank (Palo Alto, CA), through the
Uniform Biological Material Transfer Agreement. The iPSC-CM lines used in experiments
were 100% cardiomyocytes, and predominately constituted ventricular-like cells, with a

smaller proportion of atrial- and nodal-like cells.

Cell culture

Six-well tissue culture plates were prepared for cell plating by pipetting 1 mL of 1:60
Matrigel (Corning 356231) in RPMI 1640 (Gibco, 22400-089) solution into each well, and
incubating 3-4 hours at 37°C and 5% CO,. iPSC-CMs previously stored in liquid nitrogen
were thawed and plated at 2.5 x 10°cells per well using plating media (Stem Cell
Theranostics) followed by incubation at 37°C and 5% CO,. At 24h post-thawing, full volume
of plating medium was gently aspirated and replaced with warm maintenance medium.

At 72h post-thawing, the cells formed a uniform, beating monolayer and were
dissociated and re-plated for voltage sensitive dye (VSD) applications. For each subject a 96-
well glass bottom plate (MatTek, P-96G-1.5-5-F) was prepared by overnight incubation with
100 pL per well of 1:200 Fibronectin (Sigma, F1141) in Dulbecco’s Phosphate Buffered
Saline without Ca®* and Mg** (Gibco, 14040-133). For each six-well plate of pre-plated cells,
the maintenance medium was aspirated, and the monolayer was washed with ~5 mL warm
DPBS without Ca** and Mg**. After washing and gentle aspiration, 1 mL of Accutase (Gibco,
A11105-01) was added to each well, and the plate was incubated at 37°C and 5% CO, for 12
minutes. One mL of warm 10 pg/mL of DNAsel (Millipore, 260913-10MU) in TrypLE™

Express (Gibco, 12604-013) was added to each well. Following incubation for five minutes,
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the TrypLE/cell suspension was briefly and gently pipetted up and down to mechanically lift
cells. This suspension was then deposited into ~5 mL of cold neutralization buffer (SCT, 10%
FBS in DMEM) in a 50 mL centrifuge tube. The cells were then spun down at 200g for 5-
minutes and re-suspended using 2 mL of warm plating medium. Cells were counted using
automatic cell counter and 30 uL of the cell suspension (~ 45000 cells/well) was seeded onto
the glass portion of 96-well plate. The plate was then allowed to rest for 20 minutes at room
temperature (20-25°C), after which 70 puL. of warm plating medium was slowly added to each
well. At 24h after re-plating, the plating medium was aspirated and replaced with warm
maintenance medium. The cells were maintained at 37°C and 5% CO, with medium changes
occurring every 48h. After re-plating, iPSC-CMs were kept in culture for 5-6 days before
drug testing. This time in culture was determined via pilot experiments that found optimal

recording conditions 5-6 days after dissociation.

Action potential recordings

For action potential recordings, the maintenance medium in each well of the 96-well
plate was replaced with the 6 uM di-4-ANEPPS (Life Technologies) prepared in serum-free
medium (FluoroBrite DMEM, Gibco A18967),'” and then replaced again with dye -free
FluoroBrite solution, ensuring that the exposure time to di-4-ANEPPS was 1-2 minutes. The
cells were allowed to recover from staining for ~2h before baseline APD data were collected.
Optical assaying of APD was conducted using CellOPTIQ (Clyde Biosciences, Glasgow,
UK) hardware and software. All data collection was done at 37°C and 5% CO,. Each well
was evaluated to find an area of uniformly beating monolayer to measure from; these areas
were kept constant for each well throughout the experiment. For each drug concentration and
baseline, 20s recordings of action potential were taken from each well, in 4 replicates for the

3 lower concentrations and 8 replicates for the 2 highest concentrations.
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Drug dilutions and dosing

Drug concentration selection was informed by clinical maximum concentration
(Cpax), limitations on DMSO concentration, and pilot experimentation to determine minimum
effective concentrations to observe arrhythmia-like events. For dofetilide (SelleckChem,
S1658), the Cpax Was 2.14 nM, determined by a previous clinical trial,18 and concentrations in
iPSC-CM experiments varied from 0.5 nM to 8 nM. This range was informed via
optimization experiments conducted to determine a maximum concentration beyond which
all spontaneous beating would cease. This was found to be ~10nM. For moxifloxacin
(SelleckChem, S1465), the C,,,x was 3.5 uM, and concentrations varied from 7 uM to 200
uM.

The morning of each assay, serial drug dilutions in Fluorobrite DMEM were prepared
fresh for both drugs. For both drugs, a 96-well ‘dosing plate’ was prepared. This dosing plate
enabled one-to-one delivery of each well’s drug concentration. To deliver the drug, the
experimental plate was kept on the CellOPTIQ system, and a multichannel pipette was used
to deliver 20 uL from each well of the dose plate to its corresponding well in the
experimental plate immediately after baseline APD recording. The drug-induced changes in
action potential and arrhythmia-like events were recorded 30 minutes after dosing. This 30-
minute equilibration period was implemented for two reasons. First, to mirror the protocol
used to gather ECG data after dosing in the clinical study, where subjects were exposed to
drugs for an incubation period before ECG recordings were made. And second, to allow the

cells to equilibrate after exposure to ambient conditions.
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Data analysis

Offline data analysis was done using CellOPTIQ software. The 20s recording of beats
were first evaluated for arrhythmic character. Arrhythmia-like events from the recording
window of each well, including runs of tachyarrhythmia, ectopic beats, and early after
depolarizations, were noted and tabulated. Every complete beat from the 20s recording
window was averaged together and modelled to determine the total profile of the average
APD. Rate correction was conducted using two approaches. In the first, APD90 versus
beating interval at baseline was plotted for each subject-specific iPSC-CM line. Each
individual’s baseline data were then fitted with a linear model (Table S3 and Fig S1). The
slopes of each model were then applied to a formula (below) to remove dependence on
beating rate for all post-drug data.

Formula I: APDc = APD — B = (Beating Interval) + 1000B

B = Subject-specific slope from the linear model of baseline APD vs. beating interval

In the second approach, APD90 was corrected for rate using the inverse cube-root of

the beating interval, as described by the Fridericia correction formula (APD90CcF, below).

APD
3\/(Beating Interval)

Formula 2: APDcF =

After rate-correction, exclusion criteria were imposed on the well-by-well data set to
limit intra-subject variability introduced by outliers. Wells with beating rates outside of 6
standard deviations above and below the plate wide mean or with a rate-corrected APD90c
value outside of 6 standard deviations above and below the plate-wide mean were excluded
from analysis. Subsequently, changes from baseline corrected for vehicle control and beat-
rate corrected APD90 (AAAPD90c) were calculated for each well. AAAPD90c was used for
comparison with the clinical metric AAQTc. Variables were tested for normality using
Shapiro-Wilk tests. All statistical analyses were performed in R 3.3.2 (R Foundation for

Statistical Computing, Vienna, Austria) unless noted otherwise.
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Personalized iPSC-CM response

Personalized iPSC-CM response to drug was defined as the slope of regression fit of
drug-induced AAAPD90c prolongation vs. drug concentration, as determined by mixed linear
effects modeling. The dofetilide-induced APD prolongation became saturated by the highest
concentration (8 nM), therefore only the linear portion of dofetilide concentrations (0.5 — 4
nM) was used to estimate the slope. A hierarchical modeling approach was used to determine
if subject-specific slopes better explained the variance when assessing personalized iPSC-CM
response to drug as the slope of regression fit. For both moxifloxacin and dofetilide, a
regression model with a single slope as level one and model with subject-specific slopes as
level two were used and Bayesian Information Criterion (BIC) and Aikake Information
Criterion (AIC) were used to assess model fit to determine whether a regression model with
subject-specific slopes better explains the variance. For both drugs, BIC and AIC were higher
when using a single slope as compared to subject-specific slopes, verifying that subject-
specific slopes better explained the variance. The association between in vitro AAAPD90c
and clinical concentration-dependent QTc prolongation was assessed using Spearman’s rank

correlation coefficient.

RESULTS

Subject-specific iPSC-CM Response to dofetilide and moxifloxacin

For spontaneously beating iPSC-CMs derived from each subject, moxifloxacin and
dofetilide both induced concentration-dependent APD90 prolongation when corrected for
beating rate (APD90c, S1 and S2 Table). Fig 1 shows representative action potential
recording traces from one iPSC-CM line for all tested concentrations. The apparent

morphological discrepancies can be attributed to the drug-induced changes, augmented by the
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variability between wells. The average maximum change from baseline and vehicle control
for moxifloxacin and dofetilide was 175 + 129 ms and 319 + 111 ms, respectively.

Baseline- and vehicle-controlled, rate-corrected action potential measurements
(AAAPDI90c for each iPSC-CM line are shown in Fig 2 and Fig 3 for moxifloxacin and
dofetilide, respectively. The range of moxifloxacin induced AAAPD90c prolongation,
observed at the highest concentration, was 165 ms to 321 ms. The range of dofetilide induced
AAAPD90c prolongation for the cohort, taken at the highest concentration, was 25 ms to 118

ms.

Correlative results between clinical and in vitro response

At baseline, the cohort had an average rate-corrected QT interval (QTc) of 397 + 15.5
ms, and an average APD90c of 292 + 32.2 ms. No significant correlative relationship
between APD90c and QTc (p =-0.025, p = 0.93, Fig 4) was found. Baseline- and vehicle-
controlled, rate corrected QT measurements (AAQTc) were calculated for each subject’s
response to drug. Using mixed linear effects modelling, subject-specific AAQTc
concentration-response slopes were also calculated.

The cohort’s subject-specific iPSC-CM and clinical responses to moxifloxacin and
dofetilide are graphically summarized in Fig 5. For moxifloxacin, no correlation (p = -0.089,
p =0.75) was found between AAAPD90c and AAQTc response slopes. For dofetilide, there
was also no correlation (p =-0.106, p = 0.70). This analysis was also conducted using
AAAPDOIOCF, calculated with Fridericia’s rate correction formula Fig 5C and Fig 5D. No
correlation was identified between AAAPD90cF and AAQTc response slopes for either
moxifloxacin or dofetilide (p = 0.47, p = 0.97, respectively).

As summarized graphically in Fig 5F, no correlation was observed between dofetilide

and moxifloxacin AAQTc responses by subject (p = 0.096, p = 0.73). When considering the
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AAAPD90c response by subject to both moxifloxacin and dofetilide, no correlation was

observed (Fig SE, p =-0.288, p = 0.28).

Arrhythmia-like events

Of the 16 iPSC-CM lines derived from the healthy cohort, no drug-induced
arrhythmia-like events were observed at the studied drug concentration range. For
comparison, iPSC-CMs generated from a LQT1 patient showed arrhythmic beating events at
0.5 nM, 4 nM, and 8 nM dofetilide in 1 out of 6 wells, 5 out of 11 wells, and 11 out of 12
wells, respectively. No arrhythmia-like events were observed with the administration of 2 nM
dofetilide. Likewise, at 21 uM and 70 pM moxifloxacin; 1 out of 6 wells, at 140 uM; 3 out of
12 wells and at 200 uM; all 12 wells, induced arrhythmia-like events with no events observed

at the lowest (10 uM) moxifloxacin concentration (Figure 6).

DISCUSSION

In this study, subject-specific iPSC-CMs’ responses to dofetilide and moxifloxacin
are compared to individual clinical responses to the same drugs for a cohort of 16 subjects.
These two drugs delay cardiac repolarization by blocking the hERG potassium channel. The
delay in repolarization can be identified as QT interval prolongation on an ECG, as well as
APD prolongation at a cellular level in iPSCs. Both biomarkers are surrogate endpoints of
proarrhythmic risk. VSD imaging was used to measure APD in these subject-specific iPSC-
CMs. Comparative analysis was then conducted on APD and previously collected QT
measurements to assess the correlation between the slope of drug concentration vs. QTc
prolongation in the clinic and the slope of drug concentration vs. APD prolongation in the
laboratory. This detailed assessment of pharmacokinetics and pharmacodynamics went
beyond prior similar studies; however, no correlation was observed between baseline QT

measurements and baseline APD measurements or between clinical QTc prolongation and in
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vitro APD prolongation to dofetilide or moxifloxacin. Our findings are in contrast to recent
publications.'”*° The lack of observed correlation between in vitro and in vivo subject-
specific response to the studied drugs may be related to several factors worthy of further
discussion.

While iPSC-CMs carry the genetic information specific to their donors,*! the
expression levels of several key cardiac ion-channels, including hERG (I current), sodium
and calcium ion channels in iPSC-CMs differ greatly from adult cardiomyoc:ytes.22 Previous
studies of iPSC-CMs found that the expression profiles of cardiac ion channels closely
resemble immature cardiomyocytes, with variable hERG expression levels depending on
iPSC-CM source. > Furthermore, electrophysiology studies of iPSC-CMs have identified low
density of the inward rectifier potassium current (Ig;) and a low resting membrane potential
compared to adult cardiomyocytes.** > These are important cellular limitations worth
consideration. Because of these discrepancies, there could be differences in voltage-gated ion
channel function and sensitivity to drug-induced changes as compared to adult
cardiomyocyte.26 Generally speaking, although the genome is maintained from each
individual subject, the proteome, and the resultant electrophysiological properties unique to
iPSC-CMs may vary in a way that obscures subject-specific electrophysiological response in
vitro. An example of this is that dofetilide and moxifloxacin affect the beating rate of iPSC-
CMs, however they do not have a substantial effect on heart rate in the clinic.

In addition to the proteomic source of uncertainty, it has been demonstrated that the
derivation of iPSC-CMs may itself be a highly variable process.”” Due to subjective picking
of colonies for differentiation, as well as subtle variations in derivation protocols, the
resultant cells may possess some amount of inherent variability that can influence the final
electrophysiological assays. Thus, if multiple iPSC lines were generated from one subject, the

phenotypes exhibited could vary significantly. This inherent variability might have
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confounded the results presented in this study. While the hierarchical model analysis results
suggest that iPSC-CMs had subject-specific responses, it is unclear how these unique
responses might have been distorted by the sources of variability described.

Another limitation of iPSCs relates to epigenetic factors, which are not carried from
the donor to the resultant iPSC-CMs. Any epigenetic factors which may influence the QT
interval are effectively “reset” in the iPSC derivation and differentiation processes,
potentially complicating efforts to correlate in vitro and clinical subject-specific responses.*®
Despite the stringent subject inclusion and exclusion criteria in the clinical trial (see
Experimental Procedure), epigenetic factors may have still played a role.

Beyond the characteristics of these iPSC-CMs, it is also important to weigh how
closely two biomarkers of ventricular repolarization, cellular APD and clinical QT, are
related to each other. Both QT and APD are variable metrics at baseline, with more
variability introduced with exposure to drug. This variability might have played a role in
obscuring subject-specific correlations. For the cohort, the average coefficient of variance for
baseline QT was 1.34 + 0.39%, indicating that very small variations could be expected in QT
day to day, but otherwise the subject’s QT remained consistent. This is in contrast to the
iPSC-CMs’ APD, where the coefficients of variance for each subject’s baseline cellular APD
was 4.12 + 0.97%, demonstrating that a higher portion of the APD signal could potentially be
attributed to variability, as compared to the corresponding baseline QT signal. Moreover, as
with QT, the variability in these cells increases after administering the drug. As such, this
analysis suggests that the signal of the cells may be too variable to parse subtle clinical
differences. If this is indeed the case, further refinement in the iPSC-CMs and
electrophysiological assays may be necessary to increase accuracy and improve the chance of

observing correlation between APD and QT.
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One area with a clear relationship between clinical and cellular phenotype is the
presence of arrhythmic events in LQTS derived cells. While no statistically significant
relationship was clear between APD and QT analysis, the cell lines derived from healthy
subjects never exhibited arrhythmia-like events, whereas the LQTS derived cells regularly
exhibited drug-induced arrhythmias. In this sense, by expanding the range of observations to
include more extreme phenotypes, a relationship between cell lines and donors could become
more apparent.

There have been several studies similar to our observations on congenital LQTS
iPSC-CMs showing a relationship between donor physiology and iPSC-CM phenotype for
pathological cells possessing disease specific phenotypes.”' However, these studies can
largely fall into one of two categories: those investigating specific toxicities,** and those
studying personalized responses in a healthy cohort.'”*° One study positively identified
correlation for a group of 20 subjects, made up of the most extreme responders within a much
wider cohort of over 80 subjects. That study found that the two extremes could be
differentiated based on the response of the cells.”® In contrast, our cohort, containing 16
healthy subjects was likely more representative of a random sampling of responders. It is
possible that by studying the extremes of the healthy population, as opposed to random
subjects some of the complications described above can be overcome so that QT can be
correlated with iPSC-CM’s APD. Another study found a positive correlation between the
slope of QT vs. moxifloxacin response in the clinic and the slope of field potential duration
response in the iPSC-CMs among a cohort of 10 randomly selected healthy subjects.'® This
study, however, only identified a positive correlation in a subset of each subject’s data. By
focusing only on the cellular response around the Cy,,x of moxifloxacin, some significant
positive correlation was identified, but this disappeared when the analysis was expanded.

When we assessed the cellular response around the Cy,ax, we found no significant correlation.
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Nevertheless, the results of both studies are generally in agreement; when observing drug
responses across the full range of concentrations, no statistically significant correlation could
be identified.

In future experiments, a larger sample size in the in vitro assay would increase the
power to detect small correlations. Related to this, is the limitation of the small effect size
observed in APD prolongation at clinically relevant concentrations. While this problem is
partially mitigated by expanding experimental concentration ranges well beyond therapeutic
concentrations, the small effect size may have contributed to obscuring correlative results and
is worth consideration in future experiments. Moreover, a limiting factor in the results
presented here was the use of only one run for each cell line. As addressed above, there can
be variability in iPSC-CM experiments depending on the plate. By executing more runs of
each cell line, a more accurate description of each line could be developed to capture some of

the inherent variability in these experiments and help improve correlative analysis.

Our results underscore a need for iPSC-CM standards in applications involving
personalized response to drugs. This would also present an opportunity to analyze how
emerging methods in the maturation of iPSC-CMs may affect correlative results, an aspect
that is worth exploring in future studies. To that end, a better understanding of the cells and
more clearly defined parameters will help ensure that differences observed among cell lines
accurately represent the underlying donor-specific phenotype rather than the result of

protocol variability.

In conclusion, the correlation analysis of clinical QTc responses from multiple
simultaneously collected pharmacokinetic and pharmacodynamic measurements and subject-
specific iPSC-CM responses to two hERG blocking drugs, dofetilide and moxifloxacin,
found no relationship between the clinical response observed for each subject and their

corresponding cell line’s response in vitro. We also did not find a relationship between
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baseline QTc and baseline APD90c across the cohort. Using subject-specific iPSC-CMs in
predictive drug response assays is an emerging field, and the results described here are
contrary to previously published observations. A potential cause for the differing results may
be related to the variability inherent in the iPSC-CM model system. Variations in the
derivation protocols and the culturing of each cell line may obscure the subtle differences that
exist between the subjects in the clinic. Standardization of protocols along with a better
understanding of the factors that can affect the inherent variability of subject-specific iPSC-
CMs will be necessary before iPSC-CMs could serve as a predictive tool for the donor’s

response in the clinic.

STUDY HIGHLIGHTS

What is the current knowledge on the topic?

Somatic cells from healthy or diseased subjects can be reprogrammed by transfecting a
cocktail of transcription factors to induce pluripotency and these pluripotent cells can be
differentiated into various cell types. Induced pluripotent stem cells (iPSC) differentiated into
cardiomyocytes retain subjects’ genetic information and can be used to study personalized

responses in the lab.

What question did this study address?

Do subject-specific iPSC-CMs responses to two QT prolonging drugs, dofetilide and
moxifloxacin, correlate with individual responses from the same subjects in the clinic?
What does this study add to our knowledge?

Immaturity and inherent variability of iPSC-CMs can significantly obscure subject-specific

drug response prediction in the clinic.
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How might this change clinical pharmacology or translational science?
Our study emphasizes a need for standardization of quality, protocol optimization and best
practices to recapitulate donor-specific phenotype in iPSC-CMs. This will facilitate

prediction of individual susceptibility to drugs from lab bench to the clinic.
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FIGURE LEGENDS

Fig 1. Sample raw APD recordings. Representative 20-second action potential recordings
from a healthy subject’s iPSC-CMs at the baseline (1A, 1G) and after addition of 10, 21, 70,
140, and 200 uM moxifloxacin (1B-1F) and 0.5, 1, 2, 4, and 8 nM dofetilide (1H-1L). Each
subfigure represents the action potential traces from a unique well, collected at a parallel
timepoint, approximately 30-minutes after drug administration.

Fig 2. Individual iPSC-CMs drug response — Moxifloxacin. The AAAPD90c response to
the concentration range of moxifloxacin for all lines of subject-specific iPSC-CMs. A linear
model, represented by the dashed line, was generated to describe the APD response to
moxifloxacin across the whole concentration range. 95% confidence intervals for the model
are shaded.

Fig 3. Individual iPSC-CMs drug response — Dofetilide. The AAAPD90c response to the
concentration range of dofetilide for all lines of subject-specific iPSC-CMs. A linear model,
represented by the dashed line, was generated to describe the APD response to dofetilide
from 0.5 to 4 nM. 95% confidence intervals for the model are shaded.

Fig 4. Baseline Correlation Plot. Average QTc interval at baseline, as calculated as the
average of 18 measurements collected over 6 days of dosing, plotted against APD90c at
baseline, calculated as the plate wide baseline averages for each line of subject-specific cells.
Error bars on both axes represent a standard deviation above and below the mean.

Fig 5. Correlation between iPSC-CM and clinical drug response. A) APD90c response
slope vs. QTc response slope for each subject as determined via linear models of both AAQTc
vs. moxifloxacin concentration and AAAPD90c vs. moxifloxacin concentration. B) APD90c
response slope vs. QTc response slope for each subject as determined via linear model slopes

of both AAQTc and AAAPD90c vs. dofetilide concentration. C) APD90c moxifloxacin
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response slope vs. QTc moxifloxacin response slope for each subject (calculated with the
Fridericia rate correction formula) D) APD90c dofetilide response slope vs. QTc dofetilide
response slope for each subject as (calculated with the Fridericia rate-correction formula). E)
The AAQTc moxifloxacin response slopes vs. AAQTc dofetilide response slopes, comparing
the clinical responses to each drug for each subject. F) The AAAPD90c moxifloxacin
response slopes vs. AAAPDO90c dofetilide response slopes, comparing the iPSC-CM
responses to each drug for each subject.

Fig 6. LQTS Example traces with arrhythmias. Representative 20 s action potential
recordings of iPSC-CMs derived from a patient with long QT syndrome. A, C, E show wells
beating spontaneously at baseline. B, D, F show those same wells with arrhythmic beating
events after dosing with 4nM dofetilide, 140 uM moxifloxacin, and 200 uM moxifloxacin,

respectively.

SUPPLEMENTARY MATERIALS

(Table S1)

Table S1. AAAPDY0 data related to Fig 2. The moxifloxacin concentration and
corresponding AAAPD90c and AAAPDI90CF in ms for each subject’s iPSC-CM line, as

referenced in Results and shown graphically in Fig 2.

(Table S2)

Table S2. AAAPD90 data related to Fig 3. The dofetilide concentration and corresponding
AAAPD90c and AAAPD90CF in ms for each subject’s iPSC-CM line, as referenced in

Results and shown graphically in Fig 3.

(Table S3)
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Table S3. Metrics used in formula 1. Slopes and intercepts from the subject specific linear
fitting of baseline APD and beating interval, described in Experimental Procedures. Slopes

were extracted for use in calculating APDc as shown in Formula 1.

(Figure S1)

Fig S1. Mean beating intervals referenced in experimental procedure. Mean beat-to-beat
interval at baseline across all wells for each subject. Error bars represent a standard deviation
above and below the mean. Metrics represented here are related to formula 1 and the analysis

described in the methods.
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